Novelty and Significance
What Is Known?
• Cardiomyocyte differentiation derived from both human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs) has been widely used in biomedical research.
• Weighted gene co-expression network analysis (WGCNA) of transcriptomes revealed correlation patterns among genes across different conditions. • Evaluation of chromatin accessibility revealed important information on the DNA immediately surrounding transcription factor motifs and underlying mechanisms of gene regulation.
What New Information Does This Article Contribute?
• We discovered that the genome-wide transcriptome and chromatin accessibility exhibited high concordance during early cardiomyocyte differentiation among 4 stem cell lines (2 hiPSC and 2 hESC lines).
• We investigated transcriptional regulation networks in early cardiomyocyte differentiation, especially the transition from mesoderm to cardiac mesoderm; we validated E-box-binding homeobox 1 (ZEB1) as one of the key regulators during the early stages of cardiomyocyte differentiation.
Although in vitro differentiated cardiomyocytes derived from both hESCs and hiPSCs have been widely used to investigate cardiac diseases and evaluate drug toxicity, gene regulation at earlier stages (ie, the period from mesoderm to cardiac mesoderm) among different stem cell lines has not been fully investigated. We characterized the genome-wide transcriptome and chromatin accessibility of cardiomyocyte differentiation between hiPSCs and hESCs, and our results demonstrated that cardiomyocyte differentiation exhibited high concordance between hESC and hiPSCs on a genome-wide scale. Moreover, we investigated the gene expression networks by integrating WGCNA and transcription factor motif enrichment analysis. We determined many transcription factors and genes that are likely to play important roles during cardiomyocyte differentiation; ZEB1 was specifically validated as one of the key regulators in early differentiation stages. Our study provided new insights into the dynamics of the regulatory pathways and factors controlling early cardiomyocyte differentiation. The methodology and findings from this study will provide a powerful resource for investigating mechanisms underlying early-onset heart diseases that are because of disruption of regulatory pathways and factors during early stages of cardiac development. studies on cardiomyocyte differentiation using human and mouse pluripotent cell lines have primarily focused on transcriptional regulation of the later transition from cardiac progenitors to differentiated cardiomyocytes. 6, 7 However, transcriptomic analysis with genome-wide chromatin accessibility profiling at earlier stages (ie, from mesoderm to cardiac mesoderm) has not been fully documented, despite the fact that cardiac mesoderm formation leads to the differentiation of cardiac progenitors.
To fill the knowledge gap on the transcriptional regulation underlying early cardiomyocyte differentiation, we profiled dynamic changes in the transcriptome and open chromatin states during different stages of cardiac differentiation. Two parallel genomic assays were used: RNA sequencing (RNA-seq) to evaluate the temporal changes in transcription, and the recently developed assay for transposase-accessible chromatin with highthroughput sequencing (ATAC-seq) 8 to investigate genome-wide chromatin accessibility. We analyzed both hiPSCs and hESCs in this study and observed that these cell lines exhibited high concordant transcriptomes during cardiac differentiation. Weighted gene co-expression network analysis (WGCNA) 9 revealed stage-specific gene coexpression modules and genes with high connectivity within the modules, identifying novel genes that likely play key roles in the differentiation process. Moreover, integrative analysis of transcription factor (TF) DNA-binding specificities (motifs) analysis with coordinated network analysis delineated stage-specific TFs that are likely to play important roles in different stages of the differentiation.
Methods

Cell Culture and Cardiomyocyte Differentiation
Two hESC lines (H1 and H9) and 2 hiPSC lines (C15 and C20) were used in this study. They were obtained from the Stanford Cardiovascular Institute Biobank and the Stem Cell Core Facility of Genetics, Stanford University. The C15 and C20 hiPSCs were generated with lentivirus from skin fibroblasts of anonymous healthy persons. All pluripotent cell lines were grown in Matrigel (Corning)-coated 12-well plates in Essential 8 Medium (Thermo Fisher Scientific) at 37°C incubators (5% CO 2 ). Cardiomyocyte differentiation was initiated using a monolayer differentiation method with a PSC Cardiomyocyte Differentiation kit (Thermo Fisher Scientific) according to the manufacturer's instructions. To further increase cardiomyocyte purity, the differentiated cells were subjected to subsequent glucose starvation using nonglucose-supplemented RPMI/B27 medium for 3× (2 days per time) to decrease noncardiomyocyte cells because cardiomyocytes are more tolerant to glucose starvation. 10 On days 0, 2, 4, and 30 during the differentiation period (before the medium change at that day), cells were collected using Accutase (Thermo Fisher Scientific). For each cell line and each time point, cells from 2 independent differentiation wells were used as 2 biological replicates, and these collected cells were both used for RNA-seq and ATAC-seq experiments. Thus, a total of 32 samples were collected both for RNA-seq and ATAC-seq. Library preparation and data analyses for RNA-seq and ATAC-seq, de novo motif analysis, computational footprinting of TF binding analysis, immunostaining, flow cytometry and analysis, siRNA transfection, real-time QPCR, and Western blot are described in the Online Data Supplement.
Data Availability
Both RNA-seq and ATAC-seq data generated for this work have been deposited in NCBI Gene Expression Omnibus, and they are accessible through Gene Expression Omnibus SuperSeries accession number GSE85332: GSE85331 for the RNA-seq, and GSE85330 for the ATAC-seq. The sequencing depth, quality control, and mapping reads are shown in Online Tables II and III .
Results
Cardiomyocyte Differentiation From Pluripotent Stem Cells
In the present study, we used a monolayer differentiation method ( Figure 1A ) that reproducibly generates cardiomyocytes from both hiPSCs and hESCs, yielding a population of 85% to 95% cardiomyocytes (Online Figure II) . During our optimization process, we found that the initiation of cardiac differentiation depended on confluency of the pluripotent cells and varied with different lines. For instance, the greatest confluency of initiation of cardiac differentiation in the C15 cell line was between 50% and 65%. The best initial confluency of H1, H9, and C20 lines for cardiac differentiation was 60% to 70%, 70% to 80%%, and 80% to 85%, respectively.
Two days after the initiation of differentiation, cells expressed the Brachyury protein (encoded by gene T; Figure 1B ), which is a typical marker for mesoderm. Four days after initiation of differentiation, cells expressed mesoderm posterior BHLH transcription factor 1 (MESP1), a definitive marker for cardiac mesoderm. 11 The protein of NK2 homeobox 5 (NKX2-5), a marker for cardiomyocyte progenitor, was not observable on day 4 by immunostaining ( Figure 1B ), its gene expression on day 4 was also low (fragments per kilobase of transcript per million mapped reads [FPKM]<0.5) based on RNA-seq data. ISL LIM homeobox 1 (ISL1), another marker for cardiomyocyte progenitor, 12 showed a modest level of gene expression on day 4 (FPKM ranges from 1.6 to 6.7; Online Data Supplement), suggesting that the day 4 is a time point of transition from cardiac mesoderm to cardiomyocyte progenitors. Beating cardiomyocytes were readily observed between 7 and 10 days after initiation of differentiation (Online Movies I through IV). At 30 days, both NKX2-5 and Troponin T type 2, cardiac (TNNT2) were strongly expressed ( Figure 1B ). These results suggest that these 4 cell lines exhibited the same kinetics in cardiomyocyte differentiation.
Concordant Transcriptomic Dynamics of Cardiomyocytes Differentiation Derived From hiPSCs and hESCs
To understand changes in global gene expression during cardiac cell differentiation after derivation from 4 pluripotent stem lines, we performed RNA-seq experiments on days 0, 2, 4, and 30 followed by clustering analysis, principal component analysis, and correlation analysis.
More than 15 000 genes were used for WGCNA after filtration based on the FPKM values, leading to 11 modules according to their coexpression patterns (Figure 2A ; Online Data Supplement), and the significances of correlations between module and factors were calculated based on their correlation with 2 factors: days and cell lines. The modules in WGCNA were assigned based on hierarchical clustering using topological overlap dissimilarity score, which was calculated based on adjacency scores. Adjacency score was calculated as a power function of correlations between individual gene expression profiles across samples. On the basis of the clustering analysis of WGCNA, the expression of all transcripts showed highly concordant transcriptomic profiling among 4 cell lines during cardiomyocyte differentiation (Figure 2A ). Genes within each module were enriched with a distinct array of biological functions (Online Table IV) , and several modules were strongly correlated with differentiation transitions from mesoderm to differentiated cardiomyocytes. For example, genes in module 1 were highly expressed only in differentiated cardiomyocytes (day 30), and their enriched gene ontology (GO) terms of biological process (BP) were related to heart functions, such as regulation of heart contraction and muscle system process; module 2 contains genes that were primarily upregulated during differentiation from cardiac mesoderm (day 4) to differentiated cardiomyocytes, and their functions comprised skeletal system development and heart morphogenesis; module 4 contains genes that were highly expressed on day 2 (mesoderm); and module 8 contains genes that were highly expressed on days 2 and 4 (from mesoderm to cardiac mesoderm). Genes in both modules 4 and 8 are mostly involved in anterior/posterior pattern specification and pattern specification process. Interestingly, genes assigned to module 3 were only highly expressed in pluripotent cells (day 0), and their functions were primarily related to mitotic cell cycle; this is expected because stem cell self-renewal involves cell cycle and cell proliferation genes. 13 In addition, genes in module 6 were highly expressed on day 0, and genes in module 5 were highly expressed on days 0 and 30, and their enriched GO terms (BP) were related to energy production, such as mitochondrial translation and mitochondrial ATP synthesis coupled electron transport, suggesting that both pluripotent cells and cardiomyocytes consumed large amount of energy for maintaining pluripotency A B Figure 1 . Cardiomyocyte differentiation from human induced pluripotent stem cells (hiPSCs; C15 and C20) and human embryonic stem cells (hESCs; H1 and H9). A, Schematic experimental design of cardiomyocyte differentiation and sample collection. Cells were collected on days 0, 2, 4, and 30 for RNA sequencing (RNA-seq) and assay for transposase-accessible chromatin with high-throughput sequencing (ATAC-seq). B, Immunostaining of cells with special markers for each time points, including TRA-1-160 (green) and NANOG (red) for undifferentiated cells (day 0), Brachyury (green) for mesoderm (day 2), mesoderm posterior BHLH transcription factor 1 (MESP1; green) and NK2 homeobox 5 (NKX2-5; red) for cardiac mesoderm (day 4), and NKX2-5 (green) and TNNT2 (red) for cardiomyocytes (day 30). The nucleus was stained with DAPI (blue). in stem cells or muscle contraction in cardiomyocytes. 14, 15 Conversely, we observed a small number of genes (1.6% of total transcripts) in modules 9, 10, and 11 that exhibited cell line-specific expression patterns; however, no significantly enriched GO terms were observed.
The segregation of samples by time points was also observed using principal component analysis analysis ( Figure 2B) ; samples on day 2 were more similar to those on day 4 when compared with other time points, indicating that global gene expression shares some similarities between mesoderm stage and cardiac mesoderm stage. Although correlations of expression values (ie, FPKM) of all transcripts (between replicates, hiPSCs, hESCs, and hiPSCs and hESCs) showed slight time course decreases, the overall correlation coefficients were higher than 0.75, indicating that both hiPSCs and hESCs shared a similarity in global genes expression (Online Figure III) .
GO enrichment analysis of the differential genes for each cell line exhibited similar dynamic changes from the undifferentiated stage to differentiated cardiomyocytes ( Figure 2C ). Enriched GO terms (BP) included cell cycle and mitosis of undifferentiated cells (day 0); embryonic development-related GO terms (such as anterior/posterior pattern formation and pattern specification process) for the mesoderm (day 2) to cardiac mesoderm transition (day 4); and cardiac developmentrelated and cardiomyocyte function-related terms from cardiac mesoderm to cardiomyocytes (day 30; eg, heart development, heart morphogenesis, and regulation of heart contraction). The representative genes assigned to these GO terms included NANOG and SOX2 (known TFs in undifferentiated stem cells) 16 ; T, eomesodermin (EOMES), Wnt family member 3A (WNT3A), bone morphogenetic protein 2 (BMP2), MESP1, and mix paired-like homeobox 1 (MIXL1) (which are known key TFs and factors for mesoderm development) 11, [17] [18] [19] [20] [21] ; NKX2-5, GATA-binding protein 4 (GATA4), T-box transcription factor 5 (TBX5), heart and neural crest derivatives expressed 2 (HAND2), and ISL1 (which are known TFs regulating cardiac development) 6, 12, 22 ; and TNNT2, troponin I, cardiac muscle (TNNI3), myosin light chain 3 (MYL3), and calcium/calmodulin-dependent protein kinase II delta (CAMK2D) for cardiac structure and heart contraction [23] [24] [25] [26] ( Figure 2C ). The similar dynamic changes in enriched GO terms are correlated with the concordant transcriptome profiles of the 4 cell lines and also reflect features of the cardiac differentiation that were observed in previous studies in other model systems.
Modules Identified by WGCNA Exhibits Correlation With Stages of Cardiomyocyte Differentiation
Four modules (ie, networks) identified by WGCNA were strongly related to differentiation transitions from mesoderm to differentiated cardiomyocytes based on their temporal gene expression patterns (Figure 2A ) and the GO enrichment analysis (Online Table IV ), including module 4 (mesoderm related), module 8 (mesoderm to cardiac mesoderm), module 2 (postcardiac mesoderm), and module 1 (cardiomyocyte related; Figure 3A ). To better explore the modules, we visualized these modules using Gephi (0.9.1; Online Figure IVA through VID). Because each module contains hundreds to thousands of genes, we presented each module using genes with top weighted connectivity in Figure 3B through 3E. The size of each node represents the weighted connectivity of this gene within the module, which is the sum of adjacency scores (ie, connection strength) between this gene and all other genes in the network; therefore, genes with high connectivity can be inferred as playing important roles in this module. 9 Module 4 ( Figure 3B ; Online Figure IVA ) is correlated to mesoderm stage based on the enriched GO terms of genes in this module. Many known TFs assigned to this module play important roles in mesoderm development, such as T, EOMES, MIXL1, WNT3A, Dickkopf Wnt signaling pathway inhibitor 1 (DKK1), Sp5 transcription factor (SP5), mesogenin 1 (MSGN1), even-skipped homeobox 1 (EVX1), and caudal-type homeobox 2 (CDX2). [18] [19] [20] [21] [27] [28] [29] [30] [31] We also observed that 2 transcripts which have not been well characterized before, AK127400 (coded by LOC100130256) and LOC440925 (known as long intergenic nonprotein coding RNA1124, LINC01124), had highly weighted connectivity within the module 4. Interestingly, LINC01124 and AK127400 are juxtaposed on chromosome 2 and surrounded by SP5, MYO3B (myosin IIIB), and GAD1 (glutamate decarboxylase 1) as a gene cluster (Online Figure VA) , which were also assigned into the module 4. In our study, these genes were all temporally overexpressed at mesoderm stages (day 2) and assigned to the module 4, which was related to mesoderm formation. On the basis of siRNA-mediated gene knockdown of AK127400, we observed decreases in expression of LINC01124, MYO3B, GAD1, and SP5 (Online Figure VB through VD) , suggesting a proximity-based coexpression paradigm at this genomics locus. In addition, expression of genes assigned within the module 4 (such as EOMES, T, and MIXL1) exhibited significant downregulation in cells transfected with siRNAs for AK127400 and LINC01124 at mesoderm stage (Online FigureVB through VD); however, no obvious failure in mesoderm formation was observed after knockdown of expression of AK127400 and LINC01124 (Online Figure VE and VF) ; instead the cells continued to be differentiated into beating cardiomyocytes (data not shown).
The genes within module 8 ( Figure 3C ; Online Figure IVB ) were only upregulated from day 2 to day 4, and their enriched GO terms (BP) included pattern specification process and embryonic organ development; thus, module 8 is more likely related to the transition from mesoderm (day 2) to early cardiac mesoderm (day 4). Module 8 contains 2 nodes with significantly higher weighted connectivity, wntless Wnt ligand secretion mediator (WLS) and E-box-binding homeobox 2 (ZEB2). WLS is known as a membrane protein and was found to regulate WNT signaling pathway 32 ; ZEB2 is a TF regulating nervous system development and epithelial-mesenchymal transition (EMT) during the development. 33, 34 Their functions in cardiac development have been rarely documented. In addition, LEF1, Wnt family member 8A (WNT8A), 35 apelin receptor (APLNR), 36 and DiGeorge syndrome critical region 8 (DGCR8) 37 were also had high weighted connectivity in the module 8.
Module 2 ( Figure 3D ; Online Figure IVC Table IV ). Module 4 is mesoderm related; module 8 is related to mesoderm to cardiac mesoderm; module 2 is correlated to postcardiac mesoderm; and module 1 is related to differentiated cardiomyocytes on day 30. B-E, Left, gene expression patterns of each module with their representative gene ontology (GO) terms; (right) visualization of networks with the genes with top weighted connectivity and transcription factors (TFs) previously known to control cardiac differentiation. Size of each node represents the weighted connectivity of this gene within the module, which is the sum of adjacency scores (ie, connection strength) between this gene and all other genes in the network. CAMK indicates calcium/calmodulindependent protein kinase; DKK1, Dickkopf Wnt signaling pathway inhibitor 1; DKK4, Dickkopf Wnt signaling pathway inhibitor 4; EVX1, even-skipped homeobox 1; HAND2, heart and neural crest derivatives expressed 2; JPH, junctophilin; KLF, Kruppel-like factor; MESP, mesoderm posterior BHLH transcription factor; MSGN1, mesogenin 1; MYBPC, myosin-binding protein C, cardiac; MYH7, myosin, heavy chain 7, cardiac muscle, β; MYOM, myomesin-1; MYOZ, myozenin; NKX2-5, NK2 homeobox 5; RXRA, retinoid X receptor α; SMYD1, SET and MYND domain containing 1; TCF7, transcription factor 7; ZEB, E-box-binding homeobox; and ZNF, zinc finger protein.
both days 4 (cardiac mesoderm) and 30 (differentiated cardiomyocytes). Two of the genes with the highest connectivity in this module included EGF-containing fibulin-like extracellular matrix protein 2 (EFEMP2) and E-box-binding homeobox 1 (ZEB1). It has been reported that EFEMP2 (also known as fibulin-4) is to organize elastic fibers of the connective tissue during development. [38] [39] [40] Like ZEB2, ZEB1 is also known as a regulator for the EMT during the development. 34 ,41 GATA4 and HAND2 are known TFs regulating cardiac development within this module. 6, 22 We additionally demonstrate that ZEB1 is functionally important for early cardiac differentiation, particularly during the cardiac mesoderm stage, and siRNA-mediated knockdown of ZEB1 from initiation of differentiation to cardiac mesoderm stage induced failure in cardiomyocyte differentiation ( Figure 4A through 4D) . Knockdown of ZEB1 was associated with downregulation of TFs that regulated cardiac differentiation, such as GATA4, MESP1, meis homeobox 1 (MEIS1), and LEF1 (Online Figure VI) . 6, 11, 42 This result reveals an important role of ZEB1 in the early stages of cardiac differentiation.
Genes assigned in module 1 ( Figure 3E ; Online Figure  IVD) were highly expressed on day 30, and most of them are related to cardiomyocyte structure and regulation of muscle contraction. Module 1 contained multiple genes with similar top levels of weighted connectivity, such as troponin I type 1 (TNNI1), MYL3, MYH7 (myosin heavy chain 7, cardiac muscle, β), junctophilin 2 (JPH2), myosin-binding protein C, cardiac (MYBPC3), leucine-rich repeat containing 10 (LRRC10), SET and MYND domain containing 1 (SMYD1), myozenin-2 (MYOZ2), myomesin-1 (MYOM1), and protein phosphatase 1 regulatory subunit 12B (PPP1R12B, also known as MYPT2). [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] Both NKX2-5 and TBX5, known as TFs to regulate cardiac differentiation, were assigned in this module.
Dynamics of Chromatin Accessibility During Cardiomyocyte Differentiation
Chromatin accessibility patterns often reveal mechanisms of gene regulation not evident from transcript patterns. 53 We performed ATAC-seq to map the open chromatin patterns on days 0, 2, 4, and 30. The dynamic changes of open chromatin regions showed a stage-specific clustering pattern among the 4 cell lines (Online Figure VII) , which was concordant with the clustering results observed for the transcriptome (Figure 2A) . We observed that the correlation patterns of the ATAC-seq data exhibited similarity to that of the RNA-seq data ( Figure 5A ), suggesting that overall changes in gene expression and chromatin 
Motifs Enrichment Analysis Reveals TF Binding Features During Cardiomyocyte Differentiation
The enriched de novo motifs were searched in the regions ±100-bp DNA sequences around the differential peaks from each subset of pairwise comparisons (Online Tables V through  VIII) . We used both E values (from enrichment analysis by DREME) and coverage (ie, the percentage of bound sites of the motif pattern) to create the scatter plots to identify TF binding sites enriched for chromatin accessibility in each cell line at different time points (Online Figure VIIIA through VIIID). We observed that the enriched motifs exhibited timespecific profiles during cardiomyocyte differentiation. Some enriched motifs were similarly enriched across all cell lines. For instance, the motif CYCCDCCC was enriched through all time points for each cell line, and the matched TFs of this motif included Kruppel-like factor 5 (KLF5), SP1/2 transcription factors, early growth response gene 1 and 2 (EGR1/2), zinc finger protein 263 (ZNF263), and zinc finger protein 740 (ZNF740). Many motifs were mainly statistically enriched on days 2, 4, and 30, indicating that they probably play important roles during cardiomyocyte differentiation. The matched TFs of these motifs constituted multiple TF families, including V-maf avian musculoaponeurotic fibrosarcoma oncogene homolog Figure 6A and 6B. Motifs that were primarily enriched on days 4 and 30 showed much higher similarity among the 4 cell lines, and the matched TFs included MAFK, FOS, FOSL2, Jun dimerization protein 2 (JDP2), JUN, and GATA families ( Figure 6B ). The strong correlation between expression patterns for TFs and occurrences of enrichment of their matched motifs were observed in motifs for MESP1, T, Figure 6 . De novo motif analysis. De novo motifs were discovered using MEME-chip based on differential peaks of assay for transposase-accessible chromatin with high-throughput sequencing (ATAC-seq) data. Selected enriched de novo motifs and expression of matched transcription factors (TFs) during cardiomyocyte differentiation, including motifs mainly enriched (A) from mesoderm (day 2) to cardiac mesoderm (day 4), and (B) from mesoderm to cardiomyocyte (day 30). The heatmaps represent the expression values (fragments per kilobase of transcript per million mapped reads [FPKM]) of the TFs. EBF indicates early B-cell factor; EOMES, eomesodermin; GATA, GATA-binding protein; JDP, Jun dimerization protein; LEF1, lymphoid enhancer-binding factor 1; MAFK, V-maf avian musculoaponeurotic fibrosarcoma oncogene homolog K; MESP1, mesoderm posterior BHLH transcription factor 1; MGA, MAX dimerization protein; RXRA, retinoid X receptor α; RXRG, retinoid X receptor γ; STAT3, signal transducer and activator of transcription 3; TBX, T-box transcription factor; and TCF7L, transcription factor 7-like 1.
EOMES, GATA, and MEIS families: (1) motifs for MESP1, T, and EOMES were enriched on day 2 (mesoderm); (2) motifs for GATAs were enriched from day 2 to day 30 (cardiomyocyte); and (3) motifs for MEISs were enriched from day 4 (cardiac mesoderm) to day 30. EOMES, T, and MESP1 are known to play important roles in mesoderm development, 11, 19, 20, 54 and GATA4 and MEIS1/2 were found to regulate cardiac development and morphogenesis. 6, 55 However, not all TF expression patterns were consistent with dynamic motif enrichment. For instance, the motifs for TBXs were enriched on day 2, yet its expression was only highly expressed on day 30 ( Figure 6A) .
Overall, based on the analyses of the chromatin accessibility, we observed that the 4 cell lines exhibited similarities in chromatin state and motif enrichment patterns during cardiomyocyte differentiation, suggesting that both hiPSCs and hESCs share highly similar transcriptional regulation mechanisms underlying early cardiac differentiation.
Integration of WGCNA, Gene Expression, Motif Enrichment, and TF Footprinting Analyses to Identify Stage-Specific TFs During Cardiomyocyte Differentiation
To identify which TFs are likely to play important roles during cardiomyocyte differentiation, we integrated the results of WGCNA, temporal gene expression, and motif enrichment analysis to determine which TFs exhibited correlations among temporal expression patterns, assignment and connectivity in the modules, and motif enrichment occurrence ( Figure 7A ). The TFs listed in Figure 7B were from the enriched motifs ( Figure 6A and 6B) that were discovered during cardiomyocyte differentiation. TFs with strong correlation between WGCNA (ie, expression patterns) and motif enrichment include T and EOMES in module 4; LEF1 and MESP1 in module 8; GATA4 and MEIS1 in module 2; and JUNs (JUN, JUNB, and JUND), FOS, FOSL2, and MEIS2 in module 1 ( Figure 7B ). Our results suggest that LEF1 and MESP1 play important roles in transcriptional regulation from mesoderm to cardiac mesoderm; GATA4 and MEIS1 play important roles in postcardiac mesoderm differentiation. Previous studies showed that T, EOMES, LEF1, and MESP1 play important roles in mesoderm and cardiac development, 11, 19, 20, 42, 54, 56, 57 and MEIS1 was found to interact with GATA4 to regulate heart development. 55, 58 Complex of JUN and FOS proteins is known to form the subunits of activator protein 1 (AP-1), which is a TF and required for cardiac differentiation. 59, 60 MEIS2 was also found to act as a critical TF for regulation of cardiomyocyte differentiation derived from H7-hESC line. 7 In addition, some TFs showed correlation between WGCNA and motif enrichments, although they were had low weighted connectivity or showed variability in occurrence of motif enrichment among cell lines, and they included RXRA and MGA (module 8); RXRG, GATA3, and GATA6 (module 2); EBF1, GATA2, and GATA 5 (module 1; Figure 7B ).
To further investigate gene expression regulated by these TFs, we performed the TF footprinting analysis to investigate relationships between TF occupancy and expression of genes that were predicted to be regulated by the TFs. We identified strong correlations between TF occupancy and the expression A B Figure 7 . Figure 7C ). Target genes that were predicted to be regulated by these TFs (Online Data Supplement) showed higher expression on day 30 compared with other time points, and the their enriched GO terms were related to cardiac development and relevant signaling pathways ( Figure 7C ), such as heart morphogenesis for GATA4 and SMAD protein signal transduction for MEIS1/2. These results are strongly coordinate with the integrative analysis in Figure 7A and 7B, demonstrating important roles of these TFs in regulation of cardiac differentiation from postcardiac mesoderm to cardiomyocyte stages.
Discussion
In the present study, we used monolayer differentiation methods to profile temporal genome-wide transcriptome and chromatin accessibility in both hiPSCs and hESCs. This was done to elucidate molecular changes at early stages during cardiomyocyte differentiation and also to characterize similarities and variability in global gene expression and chromatin state during cardiomyocyte differentiation derived from different human pluripotent stem cells. On the basis of the principal component analysis, clustering, and correlation analyses of the RNA-seq data, both hiPSCs and hiESCs exhibited high concordance in transcriptomics during cardiomyocyte differentiation (Figure 2) . Moreover, the dynamic changes in enriched GO terms (BP) of those overexpressed genes in the 4 cell lines exhibited similarity. Thus, we can consider the variation in transcriptomic profiles among stem cell lines as minor.
The sample clustering patterns in the correlation analysis of the data of RNA-seq and ATAC-seq were consistent, indicating highly similar transcriptional regulation mechanisms underlying early cardiac differentiation among the 4 cell lines. Correlations of chromatin accessibility at the mesoderm stage (day 2) and the cardiac mesoderm stage (day 4) were less distinctly clustered than that in the pluripotent stage (day 0) and the differentiated cardiomyocyte stage (day 30; Figure 5A ). The short time period (2 days) from day 2 to day 4, in which several TFs play important roles at both stages, may explain the higher correlations in genome-wide chromatin accessibility between days 2 and 4. These TFs probably include the TFs listed in Figure 6A and 6B, such as MESP1 and LEF1. On the slightly lower correlation in chromatin accessibility of C15 observed on day 4 ( Figure 5A ), we did not find any cell line-specific motifs for C15 cell line, and all of 4 cell lines exhibited the similar motif enrichment patterns ( Figure 6A and 6B) . Comparison of ATAC-seq data among cell lines further identified that motifs for several TFs (such as GATAs and MEISs) were overrepresentative in C15 on day 4 compared with other cell lines (Online Table IX ). It is probable that variation in regulatory sequences (eg, enhancers) and regulatory factor binding patterns for those TFs (that regulate cardiac mesoderm) leads to the slight differences in chromatin accessibility of between C15 and other cell lines on day 4. It has been reported that differences in genetic background (such as single-nucleotide polymorphisms) contribute to variation in chromatin accessibility among cell lineages or cell types, [61] [62] [63] and a previous study by Bock et al 64 (2011) showed epigenetic and transcriptional variation between hiPSCs and hESCs. Thus, additional whole-genome sequencing for these hiPSCs needs to be performed to identify variations in TF binding sites among different cell lines in the future. It also suggests a possible mechanism where different cell lines could potentially undertake plastic regulatory pathways to achieve a highly similar expression profile and eventually the same differentiated cell type (eg, differentiated cardiomyocytes in this study), a phenomenon impossible to reveal if only differentiated states are profiled. Although this hypothesis needs to be validated by quantitative trait locus analysis using a large number of stem cell lines, large-scale profiling of other cell-type differentiations (eg, neural, epithelial, and hepatocyte differentiations) derived from human pluripotent cells should be investigated to determine if this is common among different cell types.
In the present study, we identified many genes with high weighted connectivity in the networks associated with differentiation stages, and our results showed a paradigm of coexpression of these genes within the same module. Examination of both ATAC-seq signals and the topological domain structure of the locus of AK127400 and LINC01124, as defined by high-throughput chromosome conformation capture profiling across several cell types, reveals that these genes are clustered within a single self-interacting domain (Online Figure IX) . [65] [66] [67] On the basis of siRNA-mediated gene knockdown, we demonstrated a coexpression pattern including of protein-coding genes (eg, MYO3B and GAD1 and SP5) and a long noncoding RNA (LINC01124) that was strongly associated with expression of AK127400. This finding is similar to a previous study by Carcamo-Orive et al 68 (2017) , which used a completely different data set and network analysis method to show that SP5, GAD1, LINC01124, and EOMES exhibited high correlations within their network. This coexpression pattern probably results from coexpression regulation because of their proximity. 69 On the other hand, the efficiency of siRNA-mediated knockdown of LINC01124 (around 40%) was not as high as AK127400 (<20%). The low efficiency of siRNA-mediated knockdown was also observed in knockdown attempts of long noncoding RNAs, NEAT1 and H19, which were assigned in the module 2 related to postcardiac mesoderm stage. We did not find decreases in expression either in NEAT1 or H19 (data not shown).
In addition, we identified ZEB1 as an important factor during early cardiac differentiation, particular during cardiac mesoderm stage. Moreover, knockdown of ZEB1 also induced decreases in expression of LEF1, MESP1, GATA4, and MEIS1, which were identified as important TFs in the regulation of differentiation from early cardiac mesoderm to postcardiac mesoderm stages ( Figure 7B ). This suggested an association between ZEB1 and other important regulators responsible for cardiac differentiation and also supported the results of WGCNA in the present study. ZEB1 belongs to zinc finger transcription factors and plays important roles in the EMT. 34 EMT is essential for gastrulation (ie, a morphogenetic process of the formation of ectoderm, mesoderm, and endoderm) required for heart development. Multiple signaling pathways are involved in the EMT process, including WNT/β-catenin signaling, TGF-β signaling, and Notch signaling. [70] [71] [72] [73] One important feature of EMT is the downregulation of Cadherin 1 (CDH1, also known as E-cadherin) by ZEB1 and ZEB2. In the present study, we observed that expression of CDH1 was downregulated from day 4 to day 30 (Online Figure XA and XB). Although differentiation of cardiomyocytes in dish derived from human stem cells is not completely equivalent to heart development in vivo, an EMT-like gene expression pattern can still be observed in the stem cell-derived early cardiac differentiation, based on the expression patterns and ATAC-seq signals at genomic loci of ZEB, ZEB2, and CDH1.
Overall, our results demonstrated high similarities in genome-wide transcriptome and chromatin accessibility of cardiomyocyte differentiation between hiPSCs and hESCs. We also provided new insights into the dynamics of the factors and regulatory pathways controlling cardiomyocyte differentiation, particularly from mesoderm to cardiac mesoderm. These findings will provide a powerful resource for investigating mechanisms underlying early-onset heart diseases because of disruption of regulatory pathways and factors identified from the study. The detailed roles of these genes and TFs in early cardiac differentiation also need to be addressed in future studies.
